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Abstract
Aquifer storage and recovery technology is used to sustain water resources and to
prevent saltwater intrusion. The injected water can come from various resources, including
treated wastewater. In pilot ASR studies in the Tampa Bay region, researchers found high As
concentrations in the recovered water from the oxidation of the arsenopyrite that is embedded
in the aquifers. The presence of dissolved O2 in the injected water is a major factor in the
arsenopyrite oxidation during ASR, however the effects of NO3- on the arsenopyrite has not
been studied yet. This is an important knowledge gap because injected water may contain
appreciable levels of NO3-.
I conducted a microcosms study to understand how NO3- reacted with the arsenopyrite
biotically and abiotically under anaerobic conditions. The results showed that even low NO3concentrations can mobilize As, and that high NO3- concentration contributed to even greater
mobilization of the As under anaerobic conditions. The oxidation of the mineral was
accompanied with NH4+ production in the biologically active environments. The biotic
oxidation of the mineral released high concentration of SO42- in the water.
I concluded that NO3- residual in the wastewater can have negative impacts on the
recovered water during ASR, and that treating the wastewater to have an NO3- residual close to
0 mg/L is essential to have a successful ASR.
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Chapter 1: Introduction
Aquifer storage and recovery (ASR) is a relatively new technology used to sustain
water resources (Maliva et al., 2007). ASR works by injecting (storing) excess water
(including, possibly, treated wastewater) into aquifers during the wet season or when excess
water is available, and then extracting (recovering) water during the dry season to cover water
demands (Missimer et al., 1992). As water is injected, the aquifer can be considered to
comprise three zones (Vacher et al., 2005): closest to the well is a zone that contains only
injected water; farthest from the well is a zone that contains only native groundwater; in the
middle is a zone in which the injected water and the native groundwater have mixed. After
extraction, water can be used for drinking, landscapes, crop irrigation, or other purposes, as
long as the quality of the extracted water is appropriate for the intended use. During periods of
high groundwater demand, ASR can be used to artificially recharge an aquifer, e.g., to prevent
saltwater intrusion or excessive drawdown (Pyne, 2005). ASR is a promising method for
storing water in places with flat topography such as Florida, where dams are not applicable
(Prinz, 1996). In 2016, the City of Tampa and Hillsborough County conducted a study on
applying ASR in the Tampa Bay region through a pilot project at Woodland Terrace Park (City
of Tampa, 2018) and Avon Park (Weiss et al., 2013) sites.
Although ASR has many advantages, it also has some limitations. Notably, when
applied to limestone aquifers that contain arsenic-bearing minerals, such as arsenopyrite
(FeAsS), ASR can mobilize arsenic in groundwater (Jones & Pichler, 2007). Arsenic is typically
present in water as the inorganic oxyanions arsenite (AsO33-) and arsenate (AsO43-) (Ronkart et
1

al., 2007). Inorganic arsenic compounds are classified as carcinogenic compounds by the World
Health Organization (Gomez-Caminero et al., 2001). In the United States, the federal limit
(maximum contaminant level) for arsenic in publicly supplied drinking water is 10 μg/L. During
the recovery stage of ASR in Florida, high arsenic concentrations have frequently been
observed, sometimes reaching up to 130 μg/L (Arthur et al., 2002, 2005; Williams et al., 2002;
Jin et al., 2016).
Many possible mechanisms of arsenic mobilization during ASR have been proposed
and considered in the literature. Proposed mechanisms generally involve the biological and/or
abiotic oxidation of arsenopyrite (Corkhill & Vaughan, 2009). Corkhill and Vaughan (2009)
identified Fe3+ and dissolved O2 molecules as the main electron acceptors during arsenopyrite
oxidation. However, Neil and Jun (2016) demonstrated that Fe3+ addition did not induce
arsenopyrite dissolution in a batch experiment. The oxidation of arsenopyrite is believed to be
biologically mediated in most cases, e.g., by acidophilic Fe- and S-oxidizing bacteria such as
Acidithiobacillus ferrooxidans and Acidithiobacillus caldus (Dopson & Lindstrom, 1999;
Corkhill & Vaughan, 2009; Edwards et al., 2000). Thiobacillus denitrifcans oxidizes S
compounds (Baalsrud & Baalsrud, 1954), and can oxidize pyrite (Bosch et al., 2012). So, it is
possible that this species could also facilitate arsenopyrite oxidation.
In both abiotic and biologically mediated cases, the oxidation of arsenopyrite by
dissolved oxygen is proposed to follow the following reaction stoichiometry (Collinet &
Morin, 1990; Walker et al., 2006).
4 FeAsS + 11 O2 + 6 H2O 4 Fe2+ + 4 H3AsO3 + 4 SO42The product, H3AsO3, is usually found in the fully protonated form if the pH of the water is
below around 9 (Craw et al., 2003). In sufficiently aerobic environments, arsenite and ferrous
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iron can both be further oxidized according to the following (Collinet & Morin, 1990; Nesbitt et
al., 1995; Nesbitt & Muir, 1998; Walker et al., 2006; Lazareva et al., 2015).
4 Fe2+ + O2 + 10 H2O 

4 Fe(OH)3 + 8 H+

2 H3AsO3 + O2 2 HAsO42- + 4 H+
Nesbitt et al. (1995) examined the oxidation state of Fe, As, and S in arsenopyrite and found
that As1- is the dominant form prior to oxidation, and that As5+, As3+, As1+, and As1- are all
present after oxidation.
In cases where treated municipal wastewater is the source water for ASR, as proposed
for the City of Tampa (2018) and Hillsborough County (2013), there may be nitrate present in
the water, especially if the wastewater has only been partially treated before injection (Ergas &
Aponte, 2014). Also, nitrate may enter the groundwater from septic tank leakage, fertilizers, and
human and animal wastes (Keeney & Olson, 1986). This is important because existing literature
contains conflicting reports about the potential of nitrate to induce arsenic mobilization in
groundwater. For instance, Neil et al. (2014) have proposed that nitrate may oxidize
arsenopyrite and mobilize arsenic according to the following stoichiometry, which can be
considered as dissimilatory nitrate reduction to ammonium (DNRA) (cf. Brunet & Garcia-Fil,
1996; An & Gardner, 2002).
8 FeAsS + 13 NO3- + 25 H2O + 10 H+  8 Fe 2+ + 8 HAsO42- + 8 SO42- + 13 NH4+
Mirecki (2004) presented anecdotal evidence suggesting the occurrence of DNRA in some
ASR systems; furthermore, Fe- and S-oxidizing chemolithotrophs are known to be capable of
DNRA in the presence of other iron-sulfur minerals (e.g., Simon, 2002; Kartal et al., 2007;
Lam & Kuypers, 2011), so the hypothesized stoichiometry above appears reasonable.
Conversely, a study by McKibben et al. (2006) saw no dissolution of arsenopyrite induced by
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NO3-, as compared to O2 and Fe3+, both of which oxidized arsenopyrite within five hours.
However, the study of McKibben et al. (2006) was performed at pH = 2, which is not
representative of ASR conditions. Smith et al. (2017) performed a demonstration in which
addition of nitrate actually decreased arsenic mobilization from As-bearing minerals, possibly
by oxidizing Fe2+ to Fe3+, which then forms ferric oxyhydroxides onto which As can adsorb
(cf. Craw et al., 2003). Overall, then, the effect of nitrate on arsenic mobilization in
groundwater is not clear, and must be elucidated if treated wastewater is to be considered as a
potential source for ASR.
Thus, the overall objective of this thesis is to determine how nitrate affects arsenic
mobilization from arsenopyrite under simulated ASR conditions. This objective will be
achieved via the following specific goals.


Monitor the aqueous concentrations of NO3-, NO2-, As, Fe, SO42-, and NH4+ when
arsenopyrite is exposed to groundwater containing NO3-. My working hypothesis is that
native groundwater has a low NO3- concentration that will have a minimal impact on the
mineral, and therefore concentrations of NO3-, NO2-, As, Fe, SO42-, and NH4+ will not
change over time following exposure of the arsenopyrite to the groundwater.



Monitor the aqueous concentrations of NO3-, NO2-, As, Fe, SO42-, and NH4+ when
arsenopyrite is in solution composed of 1:1 ratio of groundwater and nitrified
wastewater. My working hypotheses are that (i) As will be mobilized in the presence of
partially treated wastewater via denitrification or DNRA processes that uses
arsenopyrite as an electron donor and NO3- as an electron acceptor, and (ii) NH4+ will
be produced because DNRA will dominate over denitrification.



Monitor the aqueous concentrations of NO3-, NO2-, As, Fe, SO42-, and NH4+ when
arsenopyrite is exposed to water with different concentrations of NO3-. I will examine
4

the effects of high (40 mg/L as N) and low (10 mg/L as N which is the federal
regulation of the maximum contaminate level of NO3- in drinking water) NO3concentrations. My working hypothesis is that NO3- will oxidize the mineral during the
first stage of reactions, then the NO3- will oxidize Fe2+ to Fe3+ in the solution with high
NO3- concentration, which then adsorbs the As from water and decreases the
mobilization of As. I chose 40 mg/L as N as the high NO3- concentration because the
concentration of total N in the municipal wastewater ranges between 20 mg/L and 70
mg/L (Metcalf & Eddy, 2002), therefore the average NO3- concentration in wastewater
before the denitrification process will be around 40 mg/L. The denitrification process
can be eliminated when the wastewater is being used as the injected water if the NO3decreases the As concentration.


Evaluate the T. denitrificans role in the arsenopyrite oxidation during ASR by
exposing the arsenopyrite to T. denitrificans cultures with the presence of high and
low concentrations of NO3-. My working hypotheses are that (i) As will be mobilized
in the presence of NO3- and the bacteria, and (ii) NH4+ will be produced through
DNRA.
Taken together, these specific goals will enable me to determine the characteristics of

injection water for ASR that will minimize the As mobilization in aquifers. Prevention of As
mobilization is necessary to make treated wastewater a viable source of water for ASR and
thereby realize the potential of wastewater reuse. Furthermore, preventing As mobilization is
necessary to minimize post-extraction treatment and associated costs.
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Chapter 2: Methods
2.1

Overview
To fulfill research objective, I conducted laboratory experiments to examine the abiotic

and the biologically mediated reactions of NO3- with the arsenopyrite using microcosms. I
created 6 different types of microcosms, all of which contained arsenopyrite, but with different
water sources and different concentrations of NO3-. All microcosms were constructed in 250-mL
narrow-mouth glass bottles (Thermo Scientific™), sealed with screw-top closures with septa.
Construction of the microcosms is described in more detail in Section 2.2. The list of
microcosms employed is summarized in Table 2.1.
Table 2.1 Types of microcosms
Type of
microcosms
Uninoculated,
high NO3Uninoculated,
low NO3Biologically
mediated,
high NO3Biologically
mediated,
low NO3- -

Groundwater

Solution used

Conc. of NO3added
(mg/L as N)

Number
of
replicates

uninoculated

250 mL deionized water

40

3

uninoculated

250 mL deionized water

10

3

inoculated with T.
denitrificans

250 mL deionized water +
5-6 mL of T2 medium

40

3

inoculated with T.
denitrificans

250 mL deionized water +
5-6 mL of T2 medium

10

3

250 mL groundwater

No NO3added;
measured
background of
1.2 mg/L

3

Inoculated or
uninoculated?

uninoculated
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Table 2.1 (continued)
Type of
microcosms

Simulated
ASR

Inoculated or
uninoculated?

Water used

uninoculated, but
bacteria present in
wastewater

125 mL partially treated
(nitrified) municipal
wastewater and 125 mL
groundwater

Conc. of NO3added
(mg/L as N)
No NO3added;
measured
background of
2.4 mg/L

Number
of
replicates

3

Following construction of the microcosms, I monitored concentrations of NO3-, NO2-, As,
Fe, NH4+, and SO42- in the aqueous phase over time, as described in more detail in Section 2.3.
The changes in concentrations of NO3-, As, Fe and SO42- can be used to determine if arsenic is
mobilized by dissolution of arsenopyrite.
2.2

Construction of Microcosms

2.2.1 Arsenopyrite Preparation
Arsenopyrite was purchased from Ward’s Science online store
https://www.wardsci.com/store/product/8866800/arsenopyrite-research-mineral). To verify the
composition and purity, it was examined using electron probe microanalyzer (EPMA) in the lab
of Dr Thomas Beasley at the Florida International University. The EPMA confirmed that the
molar ratio of As, Fe, and SO42- in the mineral was 1:1:1, and that the mineral was approximately
98.5% arsenopyrite by mass, with 1.5% unknown composition. I crushed the mineral into
powder before use to increase the surface area available for reaction. All microcosms used 0.05
+/- 0.01 g of arsenopyrite.
2.2.2 Bacteria Cultivation
We bought T. denitrificans seed from American Type Culture Collection (ATCC);
product number 23644™. I received the freeze-dried seed and rehydrated it immediately upon
receipt with the recommended T2 growth medium (Hutchinson et al., 1967; Kelly and Wood,
7

2000). The chemical composition of T2 medium can be found in Appendix A. I filtered the T2
medium with 250 μm Nalgene™ Rapid-Flow™ Sterile Single Use Vacuum Filter Units (Thermo
Scientific™). I cultivated the seed for 7 days anaerobically using 6 mL of the filtered T2 growth
medium, and in constant-temperature room that was set to 30˚ C as instructed by ATCC. After 7
days of cultivation, I took 5 aliquots of 0.5 mL from the cultivated solution, and I inoculated
each aliquot in a vial that contained 6 mL of fresh growth medium. I autoclaved all glassware
before usage.

Figure 2.1 Photograph of the T. denitrificans culture (photo taken by H Hawasli)
2.2.3 Maintaining Anaerobic Conditions
I built a glovebox from an airtight container, hose barb valves, and rubber gloves as
shown in Figure 2.2 and 2.3. N2 gas filled the container using the bottom inlet, and gas exited the
container from the top outlet. I tested the glovebox using a candle to ensure no O2 was present in
8

the working area. I used this glovebox during microcosm assembly, bacteria cultivation, and
sampling. I kept the N2 gas flowing while using the glovebox to avoid any intrusion of ambient
O2. I measured the dissolved O2 in the microcosms at the end of the experiment and it ranged
between 1.6 mg/L to 0.6 mg/L, which indicated that anaerobic conditions were maintained in the
glovebox over the course of eight weeks.

Figure 2.2 Glovebox schematic

Figure 2.3 Photograph of the glovebox (photo taken by H Hawasli)
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2.2.4 Microcosms Preparation
I prepared stock solutions 1 and 2 (Table 2.2) using purified water from USF labs. For the
microcosms that contained groundwater, I got native groundwater from Lake Park Water Plant
aquifer, Hillsborough County. I collected nitrified wastewater from the Hillsborough County
Falkenburg Advanced Wastewater Treatment Plant. I used the unclarified oxidation ditch
effluent. Each microcosm had 250 mL of stock solution and 0.05 g of arsenopyrite powder. I
added one vial of the cultivated solution that I inoculated earlier with the T. denitrificans to each
biologically mediated microcosm along with stock solutions 1 or 2.
I treated the solution with N2 gas before the addition of arsenopyrite to remove dissolved
O2. I used a dissolved O2 meter to verify that the dissolved O2 concentration was around 0.1
mg/L. I immediately sealed the microcosms using a rubber septum and a plastic rim, as
illustrated in Figure 2.4. I measured the pH of all solutions using a pH meter before I assembled
the microcosms and it ranged between 6 and 8.

Figure 2.4 Microcosm schematic
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Table 2.2 Stock solutions composite
Stock Solution 1

Stock Solution 2

Stock Solution 3

Water

4 L of purified water

4 L of purified water

160 mL nitrified water +
160 mL native groundwater

NaNO3

78 mg of NaNO3

237.4 mg of NaNO3

-

Concentration
of N

10 mg/L as N

2.3

40 mg/L as N

37.4 mg/L as N

Sampling and Analysis

2.3.1 Sampling
The water sampling started the day after I prepared the microcosms and continued for
eight weeks. The samples were 5 mL and were taken using a syringe. I kept the working area
under anaerobic conditions by using the glovebox while sampling. I filtered the samples using
Fisherbrand™ Wet-Strengthened Qualitative Filter Paper Circles and filter holders. Extracted
volume was not replaced after sampling, so the volume of water in each microcosm decreased at
a rate of 5 mL per week.
I used 2 mL of each sample to analyze on the Graphite Furnace Atomic Adsorption
(GFAA) and 3 mL of each sample to analyze on the anion Ion Chromatography (IC) instrument.
I pulled extra 3 mL sample from each microcosm on day zero for all microcosms, on day 38 for
groundwater, simulated ASR, and the uninoculated microcosms, and on day 26 for the
biologically mediated microcosms to analyze on the cation IC. For AA analyses, I had triplicate
measurements of As and Fe concentrations, based on 2 mL taken from each of the triplicate
microcosms. For IC analyses, I had single measurements of NO3- and SO42-. The 3 mL samples
taken from each of the triplicate microcosms were combined to make a 9 mL composite sample.
The 9 mL composite sample was analyzed via anion IC.
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2.3.2 As and Fe Measurements
I used Varian AA 240Z Zeeman Atomic Absorption Spectrometer with GTA 120
Zeeman Graphite Tube Atomizer for measuring arsenic and iron. We used 0.5% of HNO3
solution for rinsing glassware and for acidifying the samples. I followed the sample preparation
guide of standard method #3113 (Baird et al., 2017). In addition, I used the matrix modifiers
listed in Table 2.3. The GFAA measures elements in the oxidation state of 0 (EPA, 2007), as a
result distinguishing the concentrations of As(III) and As(V) is not possible without adding a
reagent before the analysis. Heringe et al. 1997 discussed that up to 90% of initial concentration
of As(V) can be removed through coagulation by adding 40 mg/L of Al2(SO4)3 ·18 H2O (alum),
while As(III) removal using alum is negligible. Therefore, measuring As on GFAA before and
after adding alum and filtering the sample can give the total As and As (III) concentrations
respectively, and As(V) concentration can be calculated by subtracting As(III) concentration
from total As concentration. In my experiment, I did not follow the procedure described above
since my sample volume was 2 mL for GFAA analysis.
Table 2.3 Matrix modifiers for GFAA analysis
Metal

Modifier

Compound used

As

50 mg/L of Ni

155.6 mg/L Ni(NO3)2

Fe

5000 mg/L Mg(NO3)2

7,017 mg/L Mg(NO3)2 6H2O

For calibration, I used solutions of 0, 60, 150, and 300 μg/L, diluted from reference
standard solutions of 1000 mg/L (Fisher Scientific). I calibrated the instrument during each
analysis. Examples of the calibration are shown in Figure 2.5 and 2.6.
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1.4
y = 0.0044x
R² = 0.9673

1.2

Absorbance

1
0.8
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Figure 2.5 Calibration curve for As
1
y = 0.0031x
R² = 0.9376

0.9
0.8
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0.7
0.6
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0
0
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200

250
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Concentration μg/L

Figure 2.6 Calibration curve for Fe
2.3.3 NO3-, NO2-, NH4+, and SO42- Measurements
I used the Metrohm 930 Compact Ion Chromatography Flex instrument for analyzing
NO3-, NO2-, NH4+, and SO42-. I used the following eluents and acids (Table 2.6) as instructed by
the manufacturer. For calibration, I used different solutions that contain NaNO3, NaNO2,
FeO4S.7H2O, and NH4Cl. I calibrated the instrument when a new eluent was made. Example
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calibration curves are shown in Figures 2.7 and 2.8. A summary of all analytical methods
employed is provided in Table 2.5.
Table 2.4 Eluents and acids for chromatography instrument
Instrument

Eluent

Acid

Anion Chromatography

364 mg/L of Na₂CO₃

0.1 mole/L H3PO4

Cation Chromatography

140.4 mg/L of C12H11N and
2.04 mmol/L of HNO3

-

Table 2.5 Summary of instruments used
Species measured

Instrument

As

Graphite furnace atomic absorption
spectrometry (GFAAS)

Nitrogen species (NO3- , NO2-, NH4+)

Ion chromatography

Sulfur species (SO42-)

Ion chromatography

Fe

Graphite furnace atomic absorption
spectrometry (GFAAS)

Figure 2.7 Calibration curves for NO3-, NO2-, and NH4+
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Figure 2.8 Calibration curve for SO42-
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Chapter 3: Results and Discussion
3.1

Results

3.1.1 As Analysis Results
Figure 3.1 shows the temporal evolution of As concentration over time in four sets of
microcosms: uninoculated with low NO3- concentration, uninoculated with high NO3concentration, biologically active with low NO3- concentration, and biologically active with
high NO3- concentration. Figure 3.2 shows the temporal evaluation of As concentration over
time in three sets of microcosms: groundwater, simulated ASR, and uninoculated with low NO3concentration.
In Figure 3.1, the As concentration curves in the microcosms with high NO3- solution
are higher than the microcosms with low NO3- solution. I concluded from this graph that a
higher NO3- concentration leads to a higher As mobilization. The NO3- oxidizes the mineral
abiotically faster than when bacteria are present in the water. A possible explanation for this
surprising result is that adding the growth medium in the bacteria active microcosms made the
solution in equilibrium with the mineral. I will discuss this observation in detail in section 3.2.
In Figure 3.2, the As concentration curve in the ASR microcosms is similar to As
concentration curve in the groundwater microcosms. Both types of microcosms had As
concentration values close to As concentration values in the uninoculated with low NO3concentration microcosms. The oxidation of the arsenopyrite during ASR is likely to be an
abiotic reaction, since the As concentration curve in the simulated ASR microcosms is similar
to the As concentration curve in the uninoculated with low NO3- concentration microcosms.
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Figure 3.1 As concentration in the uninoculated and in the biologically mediated microcosms

Figure 3.2 As concentration in the groundwater, simulated ASR, and uninoculated microcosms
with low NO3- concentration
3.1.2 Fe Analysis Results
Figure 3.3 shows the temporal evolution of Fe concentration over time in four sets of
microcosms: uninoculated with low NO3- concentration, uninoculated with high NO317

concentration, biologically active with low NO3- concentration, and biologically active with
high NO3- concentration. Figure 3.4 shows the temporal evaluation of Fe concentration over
time in three sets of microcosms: groundwater, simulated ASR, and uninoculated with low NO3concentration.
The biologically mediated microcosms had a background Fe concentration of 115 μg/L
from the added growth medium solution (see 2.2.2 for more information). From Figure 3.3, the
Fe concentration curves of the microcosms that had a high NO3- concentration were higher than
the Fe concentration curves of the microcosms that had a low NO3- concentration. The Fe
concentration remained constant in the biologically mediated microcosms until day 26, while
the Fe concentration was increasing instantly in the uninoculated microcosms. This indicated
that the abiotic reactions happened at a faster rate similar to what I observed in 3.1. The
groundwater microcosms had similar Fe concentration curve to the Fe concentration curve in
uninoculated with low NO3- concentration microcosms.

Figure 3.3 Fe concentration in the uninoculated and in the biologically mediated microcosms
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Figure 3.4 Fe concentration in the groundwater, simulated ASR, and uninoculated microcosms
with low NO3- concentration
3.1.3 NO3- Analysis Results
Figure 3.5 shows the temporal evolution of NO3- concentration over time in the six sets
of microcosms: uninoculated with low NO3- concentration, uninoculated with high NO3concentration, biologically active with low NO3- concentration, biologically active with high
NO3- concentration, groundwater, and simulated ASR.
The T. denitrificans growth medium increased the NO3- concentration in the biologically
mediated microcosms by 5.4 mg/L as N (see 2.2.2 for more information). From Figure 3.1, high
NO3- concentration is associated with high As mobilization, but surprisingly the NO3concentration remained stable throughout the experiment in most microcosms. A decline in the
NO3- concentration in the biologically active with low NO3- concentration microcosms is
noticeable. The small changes in the NO3- concentrations can be due to calibration error thus
can be ignored. The IC did not detect NO2- in all microcosms during the analysis.
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Figure 3.5 NO3- concentration in all microcosms
3.1.4 NH4+ Analysis Results
The NH4+ concentration remained constant in the groundwater microcosms around 5.6
mg/L as N, in the simulated ASR microcosms around 35 mg/L as N, and in the uninoculated
with low NO3- concentration microcosms around 0 mg/L as N. The NH4+ concentration
increased from 0 mg/L as N on day zero to 4.7 mg/L as N on day 38 in the uninoculated with
high NO3- concentration microcosms. Doane (2017) and Kizewski et al. (2019) found that NO3can be reduced to NH4+ abiotically in small quantities under anaerobic conditions. In the
biologically mediated microcosms, NH4+ increased from 5.2 mg/L as N on day zero in both
types to 33 mg/L as N in the biologically active with low NO3- concentration microcosms, and
to 37 mg/L as N in the biologically active with high NO3- concentration microcosms on day 26.
This NH4+ production was not accompanied with NO3- decline in the biologically active with
high NO3- concentration microcosms as explained in section 3.1.3.
3.1.5 SO42- Analysis Results
Figure 3.6 shows the temporal evolution of SO42- concentration over time in four sets of
microcosms: uninoculated with low NO3- concentration, uninoculated with high NO3-
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concentration, biologically active with low NO3- concentration, and biologically active with
high NO3- concentration.
The T. denitrificans growth medium added around 34 mg/L of SO42- to the biologically
mediated microcosms. As shown in Figure 3.5, the SO42- concentration started at 69 mg/L in the
biologically active with low NO3- concentration microcosms and ended at 90 mg/L, and started
at 60 mg/L in the biologically active with high NO3- concentration microcosms and ended at
119 mg/L. The T. denitrificans are S-oxidizing bacteria which can contribute to the high SO42concentrations that I observed in the biologically mediated microcosms. The SO42concentration in the uninoculated microcosms remained close to 0 mg/L during the experiment.
The SO42- concentration remained constant throughout the experiment in the groundwater
microcosms (1 mg/L), and in the ASR microcosms (30 mg/L).

Figure 3.6 SO42- concentration in the uninoculated and in the biologically mediated microcosms
3.2

Discussion
As was mobilized in all microcosms in large quantities. My hypothesis for groundwater

microcosms was that the groundwater will have low NO3- concentration therefore I did not
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expect a high As concentration at the end of the experiment. The groundwater is in equilibrium
with the limestone in the aquifers that may or may not contain arsenopyrite, while in my
experiment I used pure arsenopyrite. This resulted in the high As concentration that I observed
in all microcosms, including the groundwater microcosms. Such concentrations (>130 μg/L)
were not observed during the recovery phase in Florida.
According to the As and Fe results from Figures 3.1 and 3.3, the uninoculated
environment oxidized the arsenopyrite more rapidly than the biologically mediated
environment. This fast abiotic reaction happened because the arsenopyrite is not in equilibrium
with the stock solutions 1 and 2, which increased in the dissolution of the mineral. The
biologically mediated microcosms contained growth medium which added different ions, like
SO42- and Fe, to the stock solutions. This ions addition increased the solubility product quotient
of the solutions (Qsp) and decreased the dissolution of the mineral, until day 26 when the
bacteria started to oxidize the arsenopyrite.
The qualitative pattern of the NH4+ results is logical, but the quantitative pattern of the
NO3- results does not agree with my hypothesis. The results indicated large production of NH4+
in the biologically mediated microcosms which was expected with a decline in the NO3concentration, but Figure 3.5 did not show such a decline in the NO3- concentration in most
microcosms. The T. denitrificans did not utilize the NO3- as electron acceptor for denitrification
or DNRA processes in the simulated ASR microcosms and in the biologically active with high
NO3- concentration microcosms. In addition, T. dentrificans are not known for having N2 fixation
ability according to the literature. Further research is needed to understand the N cycle in similar
systems.
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Chapter 4: Summary and Conclusion
4.1

Summary
The overall objective of this thesis was to determine how nitrate affects arsenic

mobilization from arsenopyrite under simulated ASR conditions. I attained this objective by
achieving the following goals: I monitored the aqueous concentrations of NO3-, NO2-, As, Fe,
SO42-, and NH4+ when arsenopyrite is exposed to groundwater containing NO3- , when the
arsenopyrite is exposed to solution composed of 1:1 ratio of groundwater and nitrified
wastewater, and when arsenopyrite is exposed to water with different concentrations of NO3-,
and I evaluated the T. denitrificans role in the arsenopyrite oxidation during ASR by exposing
the arsenopyrite to T. denitrificans cultures with the presence of high and low concentrations of
NO3-.
I conducted a microcosms experiment to achieve the goals of this thesis. I had six types
of microcosms: groundwater microcosms, simulated ASR microcosms which contained 1:1 of
groundwater and nitrified wastewater, uninoculated microcosms with low NO3- concentration
(10 mg/L as N), uninoculated microcosms with high NO3- concentration (40 mg/L as N),
biologically active microcosms with T.denitrificans cultures and low NO3- concentration (10
mg/L as N), and biologically active microcosms with T.denitrificans cultures and high NO3concentration (40 mg/L). I purged the solutions with N2 gas and prepared the microcosms in
anaerobic conditions to simulate the aquifers’ conditions. I kept and sampled the microcosms in
an anaerobic environment the entire experiment. Lastly, I analyzed the samples on the GFAA
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instrument to measure the As and Fe concentrations, and on the IC instrument to measure the
NO3-, NO2-, SO42-, and NH4+ concentrations.
The results showed that the arsenopyrite was oxidized in all microcosms. The high NO3concentration resulted in a high As concentration. The arsenopyrite oxidation pattern in the
simulated ASR microcosms is similar to what I observed in the uninoculated microcosms with
low NO3- concentration. Surprisingly, the NO3- concentration did not decline in most
microcosms. The biologically mediated microcosms had high NH4+ and SO42- concentration at
the end of the experiment comparing to the uninoculated microcosms, the simulated ASR
microcosms, and the groundwater microcosms.
4.2

Conclusion
I concluded from this research that NO3- can oxidize the arsenopyrite abiotically and

microbially even at low concentrations. The higher NO3- concentration is the higher the As
concentration will be in the water. The microbially mediated reactions between the NO3- and
arsenopyrite are associated with NH4+ production which can lower the water quality in the
aquifers. The arsenopyrite oxidization at the mixing zone during ASR is likely caused by abiotic
reactions.
Denitrifying the treated wastewater to NO3- residual ~ 1 mg/L before injecting it in the
aquifers along with deoxygenating it will improve the overall water quality of the recovered
water during ASR. Currently, the injected water for ASR has to be follow potable water
standards in 9 states according to the Underground Injection Control (UIC) (EPA, 2007). Potable
water may contain up to 10 mg/L of NO3- residual. This concentration mobilizes As in large
quantities according to the results from this experiment. Changing the regulations for NO3
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residual in injected ASR water is essential for minimizing As mobilization and having a
successful ASR.
Future work can include controlling the water chemistry in the uninoculated and the
biologically active environments, identifying the bacteria species in the ASR simulated
environment, and assessing the effects of different ions, such as SO42- and Cl-, on the As
mobilization. Future biological experiments can include positive control microcosms. These
microcosms will detect if the bacteria were successfully cultivated and if the analytical
instruments were functioning well. For instance, zero-valent sulfur pellets (S0) can be easily
utilized by the bacteria as electron donor and NO3- as electron acceptor.

25

References
[1]

An, S., & Gardner, W. (2002). Dissimilatory nitrate reduction to ammonium
(DNRA) as a nitrogen link, versus denitrification as a sink in a shallow estuary
(Laguna Madre/Baffin Bay, Texas). Marine Ecology Progress Series, 237, 41-50

[2]

Arthur, J.D., Dabous, A.A., & Cowart, J.B. (2002). Mobilization of arsenic and other
trace elements during aquifer storage and recovery, southwest Florida. U.S. Geological
Survey Artificial Recharge Workshop Proceedings. Open-File Report 02–89. U.S.
Geological Survey, Sacramento, California

[3]

Arthur, J.D., Dabous, A.A., & Cowart, J.B. (2005). Water-rock geochemical
consideration for aquifer storage and recovery: Florida case studies. In: C.F. Tsang, &
J.A. Apps (Eds.). Underground injection science and technology, vol. 52 of
Developments in Water Science. Elsevier, Amsterdam, pp. 327–339

[4]

American Type Culture Collection (n.d.). ATCC medium: 450 T2 medium for
Thiobacillus. Retrieved July 1, 2021 from
https://www.atcc.org/~/media/78C88DF6EEAD42F0865FEE2D0072582F.ashx

[5]

Baalsrud, K., & Baalsrud, K.S. (1954). Studies on thiobacillus denitrificans. Archiv für
Mikrobiologie, 20, 34–62. https://doi.org/10.1007/BF00412265

[6]

Baird, R.B., Eaton, A.D., & Rice, E.W. (2017). Standard Methods for the Examination
of Water and Wastewater. American Water Works Association (AWWA, WEF and
APHA). (23rd ed.). United States of America

[7]

Bosch, J., Lee K.Y., Jordan G., Kim, K.W., & Meckenstock, R. (2012). Anaerobic,
Nitrate-Dependent Oxidation of Pyrite Nanoparticles by Thiobacillus denitrificans.
Environmental Science & Technology, 46 (4), 2095-2101

[8]

Brunet, R., & Garcia-Gil, L. (1996). Sulfide-induced dissimilatory nitrate reduction to
ammonia in anaerobic freshwater sediments. FEMS Microbiology Ecology, 21, 131-138

26

[9]

City of Tampa (2018). Tampa augmentation project overview. Retrieved December
5, 2019 from https://www.tampagov.net/sites/default/files/water/files/tap-overview05222018.pdf

[10]

Collinet, M.N., & Morin, D. (1990). Characterisation of arsenopyrite
oxidising Thiobacillus. Tolerance to arsenite, arsenate, ferrous and ferric
iron. Antonie van Leeuwenhoek, 57, 237–244

[11]

Corkhill, C., & Vaughan, D. (2009). Arsenopyrite oxidation – A review.
Applied Geochemistry, 24, 2342–2361

[12]

Craw, D., Falconer, D., & Youngson, J.H. (2003). Environmental arsenopyrite stability
and dissolution: theory, experiment, and field observations. Chemical Geology, 199, 71–
82

[13]

Doane, T. (2017). The Abiotic Nitrogen Cycle. ACS Earth and Space Chemistry, 1 (7),
411-421

[14]

Dopson, M., & Lindstrom, E.B. (1999). Potential role of Thiobacillus caldus [sic] in
arsenopyrite bioleaching. Applied and Environmental Microbiology, 65 (1), 36-40

[15]

Edwards, K., Hu, B., Hamers, R., & Banfield, J. (2000). A new look at microbial
leaching patterns on sulfide minerals. FEMS Microbiology Ecology, 34, 197-206

[16]

Environmental Protection Agency (2007). Method 7010: Graphite Furnace Atomic
Absorption Spectrophotometry. Retrieved October 21, 2021 from
https://www.epa.gov/sites/default/files/2015-12/documents/7010.pdf

[17]

Environmental Protection Agency (2007). Underground Injection Control Regulations
and Safe Drinking Water Act Provisions. Retrieved October 21, 2021 from
https://www.epa.gov/uic/underground-injection-control-regulations-and-safe-drinkingwater-act-provisions

[18]

Ergas S.J., & Aponte-Morales V. (2014). Biological nitrogen removal. In: S. Ahuja
(Ed.). Comprehensive Water Quality and Purification, 3, 123-149

[19]

Gomez-Caminero, A., Howe, P., Hughes, M., Kenyon, E., Lewis, D. R., Moore, M.,
Ng, M., Aitio, A., & Becking, G. (2001). Arsenic and arsenic compounds. World
Health Organization. (2nd ed.). Geneva, Switzerland

27

[20]

Hering J., Chen P.-Y., Wilkie J., & Elimelech M. (1997). Arsenic removal from
drinking water during coagulation. Journal of Environmental Engineering. 800–807

[21]

Hutchinson, M., Johnstone, K., & White, D. (1967). Taxonomy of Anaerobic
Thiobacilli. Journal of General Microbiol, 47, 17-23

[22]

Jin, J., Zimmerman, A., Norton, S., Annable M., & Harris W. (2016). Arsenic release
from Floridan Aquifer rock during incubations simulating aquifer storage and recovery
operations. Science of the Total Environment, 551–552, 238–245

[23]

Jones, G., & Pichler, T. (2007). Relationship between pyrite stability and arsenic
mobility during aquifer storage and recovery in southwest central Florida.
Environmental Science & Technology, 41 (3), 723-730

[24]

Kartal, B., Kuypers, MM., Lavik, G., Schalk, J., Op den Camp, HJ., Jetten, MS., &
Strous, M. (2007). Anammox bacteria disguised as denitrifiers: nitrate reduction to
dinitrogen gas via nitrite and ammonium. Environmental Microbiology, 9, 635–642

[25]

Keeney, D., & Olson, R. (1986). Sources of nitrate to ground water. Critical Reviews in
Environmental Control, 16 (3), 257-304

[26]

Kelly, D., & Wood, A. (2000). Confirmation of Thiobacillus denitrificans as a species
of the genus Thiobacillus, in the beta-subclass of the Proteobacteria, with strain
NCIMB 9548 as the type strain. International Journal of Systematic and Evolutionary
Microbiology, 50, 547-550

[27]

Kizewski F., Kaye J., & Martínez C. (2019). Nitrate transformation and immobilization
in particulate organic matter incubations: Influence of redox, iron and (a)biotic
conditions. PLOS ONE 14(7). https://doi.org/10.1371/journal.pone.0218752

[28]

Lam, P., & Kuypers, M., 2011. Microbial nitrogen cycling processes in oxygen
minimum zones. Annual Review of Marine Science, 3, 317-345

[29]

Lazareva, O., Druschel, G., & Pichler T. (2015). Understanding arsenic behavior in
carbonate aquifers: Implications for aquifer storage and recovery (ASR). Applied
Geochemistry, 52, 57-66

[30]

Maliva, R., Guo, W., & Missimer, T. (2007). Aquifer storage and recovery: Recent
hydrogeological advances and system performance. Water Environment Research, 78,
2428-2435
28

[31]

McKibben, M., Tallant, B., & del Angel, J. (2008). Kinetics of inorganic arsenopyrite
oxidation in acidic aqueous solutions. Applied Geochemistry, 23, 121-135.

[32]

Metcalf & Eddy (2002). Wastewater Engineering: Treatment and Resource
Recovery. McGraw-Hill Higher Education. (4th ed.). United States of America

[33]

Missimer, T., Walker, C., & Bloetscher, F. (1992). Use of aquifer storage and
recovery technology to improve membrane water treatment plant efficiency, Collier
County, Florida. Desalination, 87(1–3), 269-280

[34]

Mirecki, J. (2004). Water-Quality changes during cycle tests at aquifer storage recovery
(ASR) systems of south Florida. U.S. Army Corps of Engineers

[35]

Neil, C., Yang, J., Schupp, D., & Jun, Y. (2014). Water chemistry impacts on arsenic
mobilization from arsenopyrite dissolution and secondary mineral precipitation:
Implications for managed aquifer recharge. Environmental Science & Technology, 48
(8), 4395-4405

[36]

Neil, C., & Jun, Y. (2016). Fe3+ addition promotes arsenopyrite dissolution and
iron(III) (hydr)oxide formation and phase transformation. Environmental Science &
Technology Letters, 3, 30-35

[37]

Nesbitt, H., Muir, I., & Pratt, A. (1995). Oxidation of arsenopyrite by air and airsaturated, distilled water, and implications for mechanism of oxidation. Geochimica
et Cosmochimica Acta, 59 (9), 1773-1786

[38]

Nesbitt, H., & Muir, I. (1998). Oxidation states and speciation of secondary products on
pyrite and arsenopyrite reacted with mine waste waters and air. Mineralogy and
Petrology, 62, 123–144

[39]

Prinz D. (1996). Water harvesting — Past and future. In: L.S. Pereira, R. A. Feddes, J.R.
Gilley, & B. Lesaffre (Eds.). Sustainability of Irrigated Agriculture. NATO ASI Series
(Series E: Applied Sciences), (pp. 312). Springer, Dordrecht

[40]

Pyne, R.D.G. (2005). Aquifer storage recovery: A guide to groundwater
recharge through wells (2nd ed.). ASR Systems LLC, Gainesville, Florida, USA

[41]

Ronkart, S., Laurent, V., Carbonnelle P., Mabon, N., Copin, A., & Barthélemy, J.
(2007). Speciation of five arsenic species (arsenite, arsenate, MMAAV, DMAAV and
AsBet) in different kind of water by HPLC-ICP-MS. Chemosphere, 66 (4), 738-745
29

[42]

Simon, J. (2002). Enzymology and bioenergetics of respiratory nitrite ammonification.
FEMS Microbiology Reviews, 26, 285–309

[43]

Smith, R., Kent, B., Repert, D., & Bohlke, J. (2017). Anoxic nitrate reduction couple with
iron oxidation and attenuation of dissolved arsenic and phosphate in a sand and gravel
aquifer. Geochimica et Cosmochimica Acta, 196,102-120

[44]

Vacher, H., Hutchings, W., & Budd, D. (2005). Metaphors and models: the ASR
bubble in the floridan aquifer. The Groundwater Association, 44 (2), 144-154

[45]

Walker, F.P., Schreiber, M.E., & Rimstidt, J.D. (2006). Kinetics of arsenopyrite
oxidative dissolution by oxygen. Geochemistry Cosmochemistry Acta, 70, 1668–1676

[46]

Weiss, B., Duncan, J., & Waller P. (2013). South Hillsborough aquifer recharge
program (SHARP). Retrieved March 4, 2020 from
http://www.gwpc.org/sites/default/files/event- sessions/Weatherby_Michael.pdf

[47]

Williams, H., Cowart, J.B., & Arthur, J.D. (2002). Florida aquifer storage and
recovery geochemical study, Southwest Florida. Year one and year two progress
report. Florida Geological Survey, Tallahassee

30

Appendix A: T2 Medium Composition (ATCC, n.d.)


ATCC medium: 450 T2 medium for T. denitrificans
o Solution A:


Na2S2O3 . 5H2O: 5.0 g



NH4Cl:1.0 g



KNO3: 2.0 g



Distilled water: 250.0 mL

o Solution B:


KH2PO4: 2.0 g



Distilled water: 250.0 mL

o Solution C:


NaHCO3: 2.0 g



Distilled water: 250.0 mL

o Solution D:


MgSO4 . 7H2O: 0.8 g



FeSO4 . 7H2O (2%, w/v, in N HCl): 1.0 mL



Trace Metals Solution (see below): 1.0 mL
-

EDTA: 50.0 g

-

ZnSO4: 22.0 g

-

CaCl2: 5.54 g

-

MnCl2: 5.06 g
31



-

FeSO4: 4.99 g

-

Ammonium molybdate: 1.10 g

-

CuSO4:1.57 g

-

CoCl2:1.61 g

-

Distilled water: 1.0 L

-

Adjust pH to 6.0 with KOH.

Distilled water: 250.0 mL

Sterilize the four solutions separately and combine aseptically for the completed medium.
The pH of the final medium is 7.0.
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Appendix B: Results Table
Table B.1 Microcosms results
Microcosm

Groundwater

ASR

Uninoculated,
low NO3-

day

As μg/L

As SD

Fe μg/L

Fe SD

1
8
16
22
31
38
50
62
1
8
16
22
31
38
50
62
1
8
16
22
31
38
50
62

0.0
50.4
No data
17.9
28.4
225.5
135.5
204.8
0.0
47.3
No data
103.2
33.9
241.4
93.1
116.2
0.0
66.0
No data
39.2
11.7
198.3
157.2
232.6

0.0
23.0
No data
3.3
3.9
67.9
14.6
96.7
0.0
10.6
No data
29.6
3.5
39.1
67.4
52.2
0.0
15.1
No data
14.7
4.9
60.4
33.3
28.9

0.0
31.5
No data
23.5
45.3
0.0
31.2
34.2
0.0
31.5
No data
86.6
90.2
14.9
101.4
84.1
0.0
17.3
No data
20.9
44.0
0.0
15.7
41.3

0.0
11.1
No data
3.3
7.0
0.0
8.8
5.6
0.0
53.9
No data
47.8
35.4
96.7
7.1
13.4
0.0
3.9
No data
1.7
29.1
0.0
1.1
38.4

NO3mg/L
as N
0.4
0.3
0.3
0.3
0.3
0.2
0.5
0.3
2.2
8.1
0.0
0.0
0.1
0.0
0.0
2.8
7.4
7.5
7.5
9.7
7.9
7.5
8.6
5.6

SO42mg/L
0.0
0.0
0.0
3.3
4.7
0.6
0.7
1.1
35.3
36.1
29.4
22.5
28.1
34.4
36.0
28.0
0.0
0.0
3.3
3.1
2.7
3.8
1.9
3.5
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Table B.1 (continued)
Microcosm

Uninoculated,
high NO3-

Biologically
mediated,
low NO3-

Biologically
mediated,
high NO3- -

day

As μg/L

As SD

Fe μg/L

Fe SD

1
8
16
22
31
38
50
62
0
8
17
26
38
50
0
8
17
26
38
50

0.0
107.8
No data
119.7
60.6
318.6
247.9
250.4
0.0
13.3
10.6
38.3
27.8
84.7
0.0
6.7
9.5
146.8
224.5
255.0

0.0
0.3
No data
71.6
27.1
2.3
1.6
2.2
0.0
12.2
3.0
3.1
1.5
61.7
0.0
1.5
1.5
138.5
33.1
0.9

0.0
109.1
No data
139.4
127.2
124.2
233.4
236.6
115.0
72.6
113.0
217.0
278.7
158.6
115.0
76.1
103.5
246.2
289.8
222.3

0.0
40.0
No data
9.8
43.8
107.5
96.6
66.5
0.0
15.8
26.3
21.3
3.9
35.2
0.0
14.3
21.3
16.4
0.9
91.7

NO3mg/L
as N
31.1
32.1
31.9
33.1
33.1
26.5
40.1
40.3
17.7
12.2
12.2
6.3
10.8
8.8
43.3
35.9
35.1
38.5
40.1
44.6

SO42mg/L
0.0
0.0
1.7
2.8
2.5
2.2
1.1
3.5
69.5
58.3
25.0
97.8
95.0
90.0
60.2
88.7
87.0
97.8
65.0
119.0
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